The aim of this study was to investigate whether the mean around which arterial oxygen fluctuations take place was important in a unique animal model of oxygen-induced retinopathy. Retinopathy of prematurity (ROP) is associated with fluctuating arterial oxygen. A recent retrospective study suggested that management of high-risk preterm infants at lower oxygen saturations was associated with less severe ROP. Rat pups were raised in a variable oxygen environment around a high (24%), normal (21%) or low (17%) mean inspired oxygen for 14 d. Rat pups raised in the high (24%) mean variable oxygen environment had more retarded retinal vascular development than did rats raised in an environment that fluctuated around 21% mean oxygen. In contrast, rats raised in a lower mean (17%) but still variable oxygen environment had no discernible retinal differences from controls raised in constant room air. Rats raised in a relatively hypoxic but variable oxygen environment develop less severe retinal vascular abnormalities than those raised in variable oxygen around higher oxygen means. Abbreviations C, group raised in room air DAB, diaminobenzidine Hi, variable oxygen profile around 24% oxygen mean IQR, interquartile range Lo, variable oxygen profile around 17% oxygen mean N, variable oxygen profile around 21% oxygen mean PFA, paraformaldehyde ROP, retinopathy of prematurity TBS, Tris-buffered saline VEGF, vascular endothelial growth factor ROP is a leading cause of blindness among infants in developed (1) and middle-income countries (2). The role of high concentrations of supplemental oxygen was first recognized in the 1950s (3), and subsequent animal studies (4 -6) delineated the pathophysiology. Restrictions on oxygen use led to a reduction in the disease, but the technological advances in the 1970s and 1980s led to infants up to 16 wk preterm surviving. Even with strict oxygen control to prevent hyperoxia the disease incidence began to increase again. The cause of the current disease is generally considered multifactorial (7), however variations in oxygen have been shown important to the development of disease in humans (8, 9) and in animal models (10 -12).
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Current oxygen therapy for preterm neonates in our neonatal unit (Edinburgh, UK) provides a "safe" transcutaneous range of 6 -10 kPa (45-75 mm Hg). This is considered to minimize hyperoxia-associated ROP and to limit neurologic and pulmonary morbidity from associated hypoxia. However, there are few data to indicate whether these limits are appropriate. In "healthy" preterm infants (without lung disease) of 29 -34 wk gestation, Mok et al. (13) demonstrated a mean (range) of 9 kPa (4.7-10.9 kPa) [67. 5 (35-82) mm Hg] over the first few months of life. However, no data are available for the gestations at risk for ROP currently (infants Ͻ 29 wk gestation).
A recent retrospective case review suggested that babies Ͻ28 wk gestational age nursed in an oxygen saturation range of 70 -90% had a lower incidence of ROP (14) when compared with infants nursed in a higher range 88 -98%. Infants nursed in the lower oxygen saturation range had no increased inci-dence of cerebral palsy or adverse pulmonary outcomes at routine follow-up, however, detailed long-term follow-up was not performed. A review of practice in the United States (15) also showed that the incidence of ROP in neonatal intensive care units where oxygen saturations were maintained at a maximum of 92% was less than half that in units where the oxygen saturation was greater than 92%.
The study of ROP pathophysiology in humans is ethically and technically difficult and much of our recent understanding is derived from animals (16) . Animal models have, until recently, poorly represented the oxygen environment experienced by an extremely preterm infant (11, 17, 18) partly due to technical difficulties in recreating the fluctuations that are seen in the preterm infant. We have developed a system, in conjunction with BioSpherix (Redfield, NY, U.S.A.) which can make accurate changes of up to 50% oxygen within 1 min in a rat cage (19) . This equipment has enabled us to demonstrate that the oxygen fluctuations experienced by a preterm infant who developed severe ROP could also produce oxygeninduced retinopathy in rats exposed to similar clinically relevant oxygen fluctuations around a normoxic [fraction of inspired oxygen (FiO 2 ) 21%] mean (12) . The aim of the current study was to assess whether oxygen-induced retinopathy could be influenced by small changes in the mean oxygen concentration to either a relatively hyperoxic mean or relatively hypoxic mean, while maintaining the same oxygen variability profile.
METHODS

Animal Model
This was a group-controlled study where at least three litters of 12 pups each were assigned per experimental or control group. Samples were masked before assessment. The UK Home Office gave approval for this study, and all animals were cared for in accordance with UK Home Office legislation and the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Vision and Ophthalmic Research.
Derivation of the oxygen profiles. The Neonatal Intensive Care Unit in Edinburgh has a computerized physiologic monitoring system that has gathered data from admitted infants since 1990 (20) . Arterial oxygen is continuously monitored transcutaneously and a mean of 60 1-s data points are stored each minute. Our previous study had shown that infants with greater variability in their arterial oxygen had more severe disease (8) . Therefore, the computerized transcutaneous oxygen profile representing partial pressure of arterial oxygen of one infant who developed severe (threshold) retinopathy of prematurity was selected, and the first 14 d used as the experimental profile (21,327 data points). The infant was not a random selection, rather it was the infant with the most extreme oxygen variability from the group of 31 so as to have maximum chance of producing retinopathy should oxygen variability have been associated. We did not use pooled data from more than one infant as this would have blunted the frequent small fluctuations of transcutaneous oxygen values seen in individual infants. (21) . Neonatologists appear to assume that an average arterial oxygen of 8 kPa is sufficient to enable satisfactory metabolism and brain development, with minimal risk of retinopathy or other oxygen injury. We adopted this assumption when deciding what level of oxygen to base as the midpoint for fluctuation in our animal model.
Rat pups have an arterial oxygen of 12.9 kPa (97 mm Hg) in 21% oxygen, and so, if we had directly applied the recorded fluctuations to achieve a mean of 8 kPa, the rat pups would have been almost constantly hypoxic. As we wished to assess whether fluctuation around normoxia was important, we therefore adjusted the recorded values from the infant (with an assumption of 8 kPa as normoxia) to be equivalent to fluctuations around the known normoxia in rats (12.9 kPa). To every value in the infant's recorded profile we had to add 4.9 kPa to account for the difference in the rat and infant normoxia. This gave us our "normoxic" profile (N), which simulated the arterial fluctuations the infant experienced in the rat.
The arterial oxygen concentrations of the rat can be made to fluctuate by varying the inspired oxygen, as the relationship of inspired to arterial oxygen concentration in the rat is linear (11) . Thus, by altering the inspired oxygen profile one can theoretically achieve the same blood oxygen profile in rat pups that produced severe retinopathy in the index preterm infant. We have previously shown that this is possible and have recreated changes indicative of retinopathy in rats using this profile (12) .
To ensure changes in inspired oxygen were translated to the blood within 1 min, we performed experiments in three sedated adult rats where the femoral artery was catheterized and rapidly changed the inspired oxygen that the adult rat was breathing. With blood gas analysis we found that changes of up to 5% in inspired oxygen were translated to the blood within 1 min (unpublished results). It is also our clinical neonatal experience that altering the inspired oxygen would result in an alteration in the arterial oxygen within 1 min.
Altering mean arterial oxygen values while maintaining the same fluctuations. To determine the importance of the mean arterial oxygen level in contrast to oxygen fluctuations, we used the same varying oxygen profile of 21,327 1-min data points from the index preterm infant but adjusted the inspired oxygen concentrations so that the mean levels varied. The lower limit of the clinically "safe" range is 6 kPa, 2 kPa below the infants assumed normoxia of 8 kPa. To simulate a mean of 6 kPa in the rat we therefore reduced the values from our normoxic rat profile by 2 kPa each, thereby fluctuating the rat arterial oxygen around a mean of 10.9 kPa (17.9% FiO 2 ). The rat pups raised in this profile (Lo) were mildly hypoxic (Ͻ21% O 2 ) for 88.7% of the time, however, the relative fluctuations were identical to the N profile. With similar reasoning we used the upper limit of the clinically safe human range, 10 kPa, to 108 generate a mildly hyperoxic profile from the index preterm infant. To each of the values in the N profile we added 2 kPa and then generated the inspired oxygen values the rat would need to breathe to achieve these values. This resulted in a profile (Hi), which fluctuated oxygen around 14.9 kPa (24.7% FiO 2 ) in the rat and in which the rat spent 91.8% of the time hyperoxic (Ͼ21% O 2 ).
The details of these profiles are given in Table 1 and a representative hour of each profile is shown in Figure 1 .
Oxygen delivery system. A computer-controlled delivery system was devised and built in conjunction with BioSpherix. This system is described fully elsewhere (19) , however, in brief, the system delivers either oxygen or nitrogen to cause the required atmospheric change in oxygen. It is capable of accurately producing up to a Ϯ50% change in atmospheric oxygen within 1 min. During testing, the median difference between required and monitored value of oxygen was 0.3%, IQR 0.2-0.7% (n ϭ 17,465). Of all monitored readings, 85% were within 1% oxygen either side of the set-point; 95% were within Ϯ2% oxygen (19) .
Animal groups. A control group (C) consisted of animals raised in room air. They were raised in the same room as the experimental groups but were separate litters to separate dams. Their cages were similar to experimental groups in terms of shape, size, and color, with opaque sides and bottom and a wire grid for the roof.
The three variable oxygen groups were the fluctuations around the hypoxic mean (Lo); normoxic mean (N), and hyperoxic mean (Hi). The normoxic group (N) differ from the controls (C) in that N had fluctuations of oxygen around a mean of 21% oxygen, whereas C were raised in room air at a fixed 21%. Pregnant animals in all groups were acclimatized to their cages at least 24 h before delivery. A minimum of 12 pups was required per control or experimental litter and pups from litters born on the same day were used to supplement any litters smaller than 12. Unlike other models (22) , litter sizes were not artificially enlarged to 25 pups as we wished to maintain uniform physiologic conditions for litters, other than manipulating atmospheric oxygen. Litter sizes of 25 pups have a high mortality rate around 60%, which makes data analysis difficult, whereas survival rates of animals in our experiments were 100%. Experiments were begun Ͻ4 h after the delivery of the final pup in each litter. Bedding was changed every 7 d, at which point the profile was paused and restarted a few minutes later. No other interruption to the profile was required. In the experimental groups, carbon dioxide was maintained at normal atmospheric levels by using a relatively fast environmental turnover and incorporating soda lime within the cages.
End of the experiments. At 14 d, experiments were stopped and the rat pups weighed. All pups were then anesthetized by intraperitoneal injection of ketamine (2.5 mg/kg) and xylazine (1 mg/kg). PFA was then directly perfused (0.4 mL 0.5%) into the left ventricle, before euthanasia by intracardiac injection of pentobarbitone (80 mg/kg). Both eyes were enucleated; the left was prepared for cryosectioning and the right for whole mounts. The left eyes were not analyzed for this study, therefore all analyses presented here were performed on the right eyes.
Histologic and Molecular Biologic Endpoints
Retinal whole mounts. The retinas were dissected using a modification of the method of Chan-Ling (23). Enucleated eyeballs were fixed whole in 2% PFA for 2 h before being washed in 1 M PBS pH 7.4. Under a dissecting microscope, an incision was made at the limbus between the cornea and sclera. Scissors were then used to cut around the junction between the cornea and sclera until the cornea could be removed. The lens was gently removed, taking care not to remove the retina. The eyecup was transferred to 1 M PBS for further dissection. The retina was gently eased from the sclera using fine forceps, taking care to leave the ora serrata intact as it defines the edge of the retina. The retina was then placed onto a TESPA-(3'aminopropyltriethoxysilane) coated slide and flattened by making four incisions perpendicular to its outer edge. At this stage, as much vitreous as possible was removed using cellulose sponges and scissors.
Technically, retinal dissection is demanding and not all eyes yielded a retina that could be analyzed. We also took some eyes within each group for other staining procedures not detailed here. The final number in each group of Table 2 is the number of right eyes that we analyzed for each experimental procedure. However, we controlled for between-litter variation with our statistical analysis Lectin stain. Endothelial cells were visualized by incubation with Griffonia simplicifolia (Bandeiraea) isolectin B4 as follows. The flattened whole-mounted retinas were made permeable in 70% vol/vol ethanol (kept at Ϫ20°C) for 20 min, and then in 1 M PBS/1% Triton x-100 for 30 min. The retinas were 
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MILD HYPOXIA LEADS TO LESS SEVERE ROP then incubated with biotinylated G. simplicifolia (Bandeiraea) isolectin B4 (ICN Pharmaceuticals, Basingstoke, Hampshire, UK) at 5 g/mL in 1 M PBS overnight at 4°C. They were rinsed in 1 M PBS/1% Triton x-100 for 10 min, then in 1 M PBS for 10 min twice. Streptavidin-conjugated FITC (Sigma Chemical) at 25 g/mL in 1 M PBS was added for 4 h at room temperature, and the slides were rinsed twice in 1 M PBS for 10 min each. The retinas were mounted in PBS:glycerol 2:1 and the coverslip sealed with nail varnish. They were viewed using an argon/krypton laser confocal microscope (Leica, Wetzlar, Germany), which allowed low-and high-powered images to be taken and digitally stored for later analysis.
Analysis of Whole Mounts
Capillary density. Capillary bed sample areas were chosen in the central retina, with no major vessels present in the fields analyzed. As each retina has four quadrants, to allow flattening onto the slide, one area from the center of each quadrant was imaged, making four areas in total. Images were taken at ϫ100 magnification and stored for later analysis. All stored files were assigned a random number to mask the observers and counts of the number of branches per square millimeter were made. Avascular areas. Digitized images of the total retinal area and peripheral avascular area were measured using Scion Image Software (Scion Corporation, Frederick, MD, U.S.A.) and the avascular area was expressed as a percentage of the total retinal area.
Immunohistochemistry. Cryosections were allowed to come to room temperature and incubated for 1 h using biotinylated G. simplicifolia (Bandeiraea) isolectin B4 (ICN) at 12.5 g/mL in TBS. After successive washes in TBS, the slides were then incubated with peroxidase-labeled streptavidin (DAKO, Bucks, UK) at 8.75 g/mL for 1 h. After washing, DAB (Sigma Chemical) was applied for 5 min, the slides were rinsed in tap water and counterstained in hematoxylin, then mounted in Depex (VWR International Ltd., Poole, U.K.) and viewed under a light microscope. Slides were analyzed for preretinal vessels that grow out from the surface of the retina, superficial to the inner limiting membrane.
Statistics
Summary statistics are presented as mean (SD) or median (IQR). To take account of variation between litters in responses, the treatments groups were compared by multilevel models using MLWin (Institute of Education, University of London, London, UK) software and incorporating a random effect for litter as well as fixed effects for group comparisons. Likelihood ratio tests were carried out using a 2 approximation. All four groups were compared initially, and if this test was significant, follow-up pair-wise group comparisons were made using a multiple testing correction based on the Studentized range principle.
RESULTS
Retinal Whole Mounts
Results for all groups are given in Table 2 . Peripheral avascularity. Both the control and Lo groups were fully vascularized, whereas the N and Hi groups had a peripheral avascular area. The overall test gave a significance of p Ͻ 0.001 and pair-wise comparisons gave a significant result for Hi versus control, whereas all other groups were not significant. Figure 2 shows a representative control (A) and Hi (B) image taken at the periphery of the endothelial cell-stained flat mount.
Capillary density. The overall four-group comparison was not significant (p ϭ 0.08) so pair-wise tests were not done. However, there is a strong suggestion that the N and Hi groups differ, as an uncorrected pair-wise test gives p Ͻ 0.01. Figure  2 shows a sample image of the capillary density in the control (C), Hi (D), and N (E) groups. The control group (C) has a typical mature appearance, with remodeled capillary beds and avascular areas around the larger vessels (marked with a white asterisk). The Hi group (D) has features of a less mature vasculature, with increased numbers of smaller vessels, and large vessels without surrounding avascular areas.
Abnormal vessels. Observers noted no extraretinal neovascularization on the flat mounts. As these are often difficult to distinguish in these preparations, serial sections were made and stained with lectin for endothelial cells. No nuclei were seen above the inner-limiting membrane of the retina in these preparations. However, two unbiased observers noted abnormal terminal dilatations present at the vascular/avascular interface of 21% of the flat-mounted retinas from the N group and 43% of the Hi group. These vessels were not seen in any of the retinas from the control or the Lo group. Figure 2F gives Values are median (interquartile range) unless otherwise stated. Overall test results were from multilevel analysis and incorporated a random effect for litter as well as fixed effects for group comparisons. Likelihood ratio tests were carried out using a chi-squared approximation. All four groups were compared initially, and if this test was significant, follow-up pairwise group comparisons were made using a multiple testing correction based on the studentized range principle (p values are given in brackets where * p Ͻ 0.001 and # p Ͻ 0.05). 
DISCUSSION
Our model of retinopathy has previously demonstrated that small, frequent fluctuations in oxygen, mimicking those experienced by a human preterm, can induce features of ROP in rats (12) . We now demonstrate that small shifts in mean inspired oxygen are able to influence these changes in the retinal vasculature.
Rat pups raised in a fluctuating oxygen environment in which they spent 90% of their time above 21% inspired oxygen, but in a mean oxygen concentration of only 24.7%, had the most severe differences from controls. Their peripheral retina was avascular, suggesting that the retinal vascular growth had been retarded. As size of avascular area is correlated with disease severity, this avascular zone is likely to be significant (24, 25) . The central capillary density in this group was higher than controls and showed smaller capillary-free zones around the larger vessels. The vasculature was homogenous, indicative of an immature, unremodeled vasculature (26 -28), and again suggests at least a delay in the normal retinal vascular process. Finally, although no preretinal vascularization was seen in these pups, there were many abnormal, dilated, terminal buds at the vascular/avascular interface that were not seen in controls at any stage of vascular development. We postulate these may correlate clinically with the surface retinal new vessels seen at the ROP disease ridge shortly before extraretinal new vessels (stage 3 ROP) develop, and we are currently working to characterize these abnormal vessels.
The pups that were raised in a fluctuating oxygen environment, where 50% of the time was spent above and below 21% (mean 21.3%) inspired oxygen, had many of the changes associated with the previously described hyperoxic variable rats, but the differences were less severe. Although there was a peripheral avascular area, it was smaller in size and there were fewer abnormal terminal vessels present. There were no differences in the central capillary density, suggesting the vasculature had been remodeled in this group and was more mature. This was confirmed by visual assessment of the flat-mounted retinas.
In contrast, the pups raised in the variable oxygen around a mildly hypoxic mean, where 90% of their time was spent below 21% oxygen (mean oxygen concentration 17.9%), were no different from the room air-raised controls. The retinas were fully vascularized, with a vasculature that had been remodeled and appeared mature, and had no abnormal terminal vessels.
The differences in body weight between controls and experimental groups have been shown in other investigators' models of oxygen-induced retinopathy (11, 29) . In all our groups there was no difference between litter sizes nor in the time the pups spent with their dams. We do not rule out the possibility that mothers raised in the variable oxygen environments were affected and may have passed this on to their pups indirectly, however, we did not directly measure this. We have begun to collect other tissues from the pups and their dams for analysis in an attempt to answer this issue.
These results confirm previous animal studies that hyperoxia (5) and oxygen fluctuations (10, 11) are important in determining disease severity. However, our model of subtle changes in inspired oxygen and clinically relevant profiles contrasts with previous animal models of ROP, which, although they may characterize severe neovascularization, do not reflect the present-day clinical management of oxygen therapy. Therefore, whether the oxygen injuries induced in previous animal models of ROP are representative of human disease, especially in terms of ROP in the 21st century, is debatable.
Our results show that fluctuations around a mildly hyperoxic mean can result in a delay of vascularization and an immature retinal vasculature. The anterior retina then remains avascular at a time when metabolic demand is increasing and local tissue ischemia may then trigger pathologic angiogenic processes.
The role of supplemental oxygen in the development and progression of ROP is still of interest. The STOP-ROP trial (30) was a recent randomized controlled trial assessing the ability of two different oxygen saturation target ranges to prevent progression of prethreshold ROP. The aim was to prevent hypoxically driven neovascularization by providing sufficient oxygen to the poorly vascularized prethreshold retina. This trial was based on a hypothesis taken from work in newborn kittens (31, 32) that were placed in 70 -80% oxygen a hyperoxic mean) (B, magnification ϫ5) . C, D, and E (all magnification ϫ10) are all typical images from the central retinal area. Room air-raised controls (C) show a typical mature capillary network that has avascular areas around the larger arterial vessels (marked with asterisk). This is in contrast to retinas from the Hi group (D), which have many more capillaries than controls, which remain in a homogenous network around both arteries and veins. The group raised in oxygen fluctuating around a normoxic mean N (E), have slightly less central capillaries than controls, but the vasculature appears remodeled. Terminal dilations were seen in experimental groups N and Hi and a typical example of these vessels is marked with white arrows in F (magnification ϫ10), a higher magnification of panel B.
for the first few days of life and then returned to room air. Hyperoxic vasoconstriction and obliteration of the blood vessels on the retina resulted in relative retinal hypoxia, which it was hypothesized promoted hypoxically induced growth factors and subsequent vasoproliferation. If, however, the kittens were removed from hyperoxia to 28% supplemental oxygen then they had less retinal abnormalities than kittens removed from hyperoxia to room air. Overall, the STOP-ROP study failed to demonstrate any reduction in the rate of progression of moderate to severe ROP, for which there are several possible reasons. Oxygen saturation is limited in its ability to predict partial pressure of arterial oxygen, particularly in the extreme high and low values. Therefore subtle, frequent fluctuation of oxygen within the saturation limits may cause ongoing vascular instability. Preterm infants with chronic lung disease of prematurity are not stable even during the stage of neovascularization, hence it is possible that supplemental inspired oxygen may only serve to fluctuate oxygen around a higher mean. As we have shown here, the retinal vasculature is sensitive to such oxygen fluctuations. The HOPE-ROP study (33) followed infants with prethreshold ROP that did not fit the criteria for entry to the STOP-ROP trial (i.e. they had prethreshold ROP but did not require supplemental oxygen therapy). Although these infants were less likely to progress to threshold ROP than STOP-ROP infants, it is hard to determine whether their significantly greater gestational age at birth was the most significant factor. We believe from our clinical work and this current study that the "scene has been set" in the first weeks after birth, and that this is not addressed by either the STOP-ROP or HOPE-ROP studies.
Our studies would suggest that early manipulation may be able to improve retinal outcome, and evidence to support this is also beginning to emerge from clinical studies. A retrospective, nonrandomized cohort study of different oxygen saturation policies in five neonatal units identified a lower incidence of ROP in the unit with the lowest oxygen saturation policy (14) . In addition, a recent study demonstrated that changes in clinical practice where stricter controls of oxygen (and, therefore, presumably less fluctuations of oxygen) were implemented reduced the incidence of ROP considerably (34) .
At birth, the physiologic systems in the human body rapidly alter to facilitate the transition from fetus to neonate. This normal process, however, may be subjected to conflicting messages when expected changes either do not occur, or occur at a different magnitude than that expected. Blood vessels in the retina can grow with apparent normal function after a preterm birth, and so a smooth transition from fetal to neonatal induction of vessel growth is possible. What level of relative hypoxia within the retina is required to prevent disordered growth is not yet clear.
Our model would suggest that variability around a mildly hypoxic mean enables normal growth of the retina, suggesting that nursing infants in slightly lower oxygen may reduce the incidence and severity of ROP. However, as this might compromise growth (35), brain growth, and maturation (36) and induce pulmonary hypertension (37), we would caution against the use of this data to alter oxygen supplementation policy. We concur with a recent commentary (38) that argues for a randomized controlled trial with long-term, subtle neurodevelopmental and respiratory outcomes as end points.
